Achieving sustainable development requires the decoupling of natural resource use and environmental pressures from economic growth and improvements in living standards. G7 leaders and others have called for improved resource efficiency, along with inclusive economic growth and deep cuts in global greenhouse emissions. However, the outlooks for and interactions between global natural resource use, resource efficiency, economic growth and greenhouse emissions are not well understood. We use a novel multi-regional modeling framework to develop projections to 2050 under existing trends and three policy scenarios. We find that resource efficiency could provide pro-growth pro-environment policies with global benefits of USD $2.4 trillion in 2050, and ease the politics of shifting towards sustainability. Under existing trends, resource extraction is projected to increase 119% from 2015 to 2050, from 84 to 184 billion tonnes per annum, while greenhouse gas emissions increase 41%, both driven by the value of global economic activity more than doubling. Resource efficiency and greenhouse abatement slow the growth of global resource extraction, so that in 2050 it is up to 28% lower than in existing trends. Resource efficiency reduces greenhouse gas emissions by 15e20% in 2050, with global emissions falling to 63% below 2015 levels when combined with a 2 C emissions pathway. In contrast to greenhouse abatement, resource efficiency boosts near-term economic growth. These economic gains more than offset the near-term costs of shifting to a 2 C emissions pathway, resulting in emissions in 2050 well below current levels, slower growth in resource extractions, and faster economic growth.
Sustainable development requires natural resource use and environmental pressures to be decoupled from economic growth and improvements in living standards (UNEP, 2011) , to prevent pressures and impacts exceeding planetary boundaries (Steffen et al., 2015) . G7 leaders (Leaders, 2015) and the United Nations Sustainable Development Goals (UN, 2015) highlight the potential for improved resource efficiency to achieve this decoupling. However, the potential physical and economic implications of resource efficiency are not well understood at the global scale, with most studies focused on specific sectors (Mercure et al., 2014) , or on high-income countries (Pollitt and Chewpreecha, 2009; Ekins et al., 2011) .
In our research we investigate the potential for economically attractive resource efficiency and assess co-benefits between resource efficiency and greenhouse gas abatement. There are ample examples of modeling the economic effects of climate mitigation using models with extensive economic sector detail (Lutz and Meyer, 2009; Pollitt et al., 2015) . There is, however, a knowledge gap with regard to scenarios for material use and resource efficiency and for linkages between natural resources and climate. We address this research gap and ask to which extent global resource use may be reduced by well-designed policies. We also ask about the mix of economic and environmental benefits that may be achieved and consider which policies and approaches would best achieve the desired outcome of decoupling of economic growth and human well-being from natural resource use and greenhouse gas emissions.
Resource efficiency, in our research, refers to the economic efficiency of the use of materials e biomass, fossil fuels, metal ores and non-metallic minerals e and can be expressed either as material productivity (GDP per unit of material use) or material intensity (material use per unit of GDP). The two are inverse. In doing so we describe efficiency at the level of the macro economy.
We use a novel global multi-model framework to develop natural resource use projections to 2050 under Existing Trends and three policy scenarios, with dynamic demand, supply and incentive effects. It projects the volume of all material flows, divided into ten subcategories, along with energy (by source and end use), and greenhouse gases (see Table 3 ). The primary model is the Global Trade and Environmental Model (GTEM), an economy-wide computable general equilibrium (CGE) model with 28 regions (see Table 1 ) and 21 industry sectors (see Table 2 and Table SI .2). GTEM has an established track record in climate policy (Garnaut, 2007 (Garnaut, , 2011 and recent extensions to further account for climate impacts (Scealy et al., 2012; Cai et al. 2015 Cai et al. , 2016 . We link GTEM to GLOBIOM (Havlík et al., 2011 (Havlík et al., , 2014 to provide additional detail on land use, agricultural production, and biomass supply. Technical potential for improving resource efficiency is based on available literature, and the IRP report to the G7 (UNEP, 2016). More information is provided under Methods below.
There are other models that provide a good representation of intra-economic relationships and trade relations, such as for example the GINFORS model (Lutz and Giljum, 2009; Giljum et al., 2008) at the Institute of Economic Structures Research which combines econometric analysis with input-output analysis embedded in a complete macroeconomic framework. Cambridge Econometrics runs E3ME (Pollitt et al., 2015) , a global econometric model focusing on economy, energy and natural resources. The Threshold 21 model of the Millennium Institute (Bassi and Shilling, 2010) is a systems dynamic representation of economyenvironment interrelationships designed to assess policy alternatives in development planning. In contrast to these integrated models we have chosen a multi-model framework with a general equilibrium model at its core linked to sectoral technology models that present realistic scenarios of technological change. We test the economic implications of technology choice under different policy scenarios using a standard economic model.
We undertake a simple scenario analysis which contrasts a baseline scenario (existing trends) with resource efficiency and greenhouse abatement policy scenarios. We then combine resource efficiency and greenhouse abatement policies in a fourth scenario (efficiency plus). Each of the four scenarios represents a specific combination of potential future resource use trends and future greenhouse gas emissions pathways (as shown in Fig. 1) .
Existing Trends (H3) is calibrated to historical natural resource use trends (H) and greenhouse policies that would see a 3 C increase (3) in temperatures by the end of the century, rising to around 4 C after that. Natural resource use trends are applied across major world regions, accounting for changes in GDP per capita. Existing Trends is aligned with the "middle of the road" social-economic pathway SSP2 (O'Neill et al., 2015; IIASA, 2015) and greenhouse emissions match the trajectory for RCP6.0 (Rogelj et al., 2012), a little lower than most interpretations of the Paris pledges (INDCs) to 2030.
Resource Efficiency (E3) assumes a package of stylized measures that drive improvements in resource efficiency (E) from 2020 (described in methods below), with the same greenhouse policies (3) as Existing Trends.
Ambitious Climate (H2) assumes the same natural resource use policies (H) as Existing Trends, but that the world adopts ambitious greenhouse gas abatement policies (detailed in SI-4) capable of limiting likely global temperature increases to 2 C (2) above preindustrial levels. This goes beyond the specific pledges made in Paris for 2025e2030, with global greenhouse emissions to 2050 calibrated to match RCP2.6.
Efficiency Plus (E2) combines the resource efficiency settings (E) and greenhouse gas abatement settings (2) to explore potential policy interactions. We find this scenario has a higher chance of limiting climate change to 2 C than any other scenario.
The research we present here extends our previous decoupling analysis (Schandl et al., 2015) by integrating the material flows in the CGE model and enabling a thorough assessment of the rebound effect that results from resource efficiency improvements.
Methods

Global regions and groups
The version of GTEM used has 28 regions, including 17 individual nations, and 11 continental aggregations of nations (grouped by latitude where possible to facilitate climate impact assessments). We group the 28 regions into current geopolitical constituencies, future income categories, and physical trade balances: see Table 2 . Future income categories are based on projected GDP per capita in 2050 in real USD 2015 under Efficiency Plus: high spans $50,000-$90,000; medium spans $13,500-$30,000 and includes BRICS except India plus Mexico and Central Europe; while low spans $1500-$12,750 and includes ROW and India. At the boundary between medium and low income, the GDP per capita of Southern South America (low) is 7% lower than South Africa (medium) under Efficiency Plus but 7% higher under Existing Trends. 
